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Abstract
Although the benefits of applying biochar for the purposes of soil conditioning and crop productivity enhancement have been demonstrated,
relatively few studies have elaborated on its causal mechanisms, especially on the biochar–fertilizer interaction. Thus, in the present study, the
ex-situ adsorptive potential of base activated biochar (BAB) towards plant nutrient immobilization and removal from aqueous solutions was
investigated. Napier grass (Pennisetum purpureum) was utilized as the precursor to prepare slow vacuum pyrolysed char and its affinity towards
adsorption of urea was examined at various process conditions. Low sorption temperatures, moderate agitation speeds and high initial concen-
tration were seen to favour greater urea uptake by BAB.The sorption was exothermic, physical, spontaneous and had a pseudo-second order kinetic
fit. Both surface and intra-particle diffusion governed the removal and immobilization of urea. Furthermore, process mass transfer was limited by
film diffusion of urea to the external surface of the BAB. Equilibrium studies suggested that Dubinin–Radushkevich is the most appropriate model
to describe the urea-BAB behaviour with maximum uptake, estimated to be 1115 mg·g−1. Through such ex-situ analysis, it could be possible to have
prior knowledge, quantification and differentiation of the potential of chars manufactured from various feedstocks. This could then be used as an
effective screening step in designing appropriate biochar–fertilizer systems for soil conditioning and help reduce the time and effort spent
otherwise in long-term field studies.
© 2016 Tomsk Polytechnic University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Biochar is a highly carbonaceous charred organic material
that is deliberately applied as a soil conditioner with the intent
to improve soil quality and associated environmental services
[1]. Its preparation requires pyrolysis of plant-derived biomass
under limited or no oxygen to promote the thermal degradation
of the precursor. Several studies have pointed out that the appli-
cation of biochar for soil conditioning, fertilization and amend-
ment is a ‘multiple-win’ strategy [2] with the most touted
benefits being carbon sequestration, waste disposal, enhanced
plant nutrient uptake, pollutant immobilization and simultane-
ous biofuel production [3]. Nonetheless, biomass pyrolysis is
not a new technology as it has conventionally been applied to
maximize bio-liquid production for renewable energy capture.
Moreover, with the char derived from the process potentially
attaining energy contents as high as 30 MJ·kg−1 [4], any process
that favours the char over the fuel represents an opportunity cost
[5].
On the contrary, it is also evident today that immediate and
effective adaptation measures need to be implemented for
human society to address as well as mitigate the consequences
of anthropogenic-induced radiative forcing and climate change.
The causal linkage between agriculture and climate change has
been shown to result in a net radiative forcing of 13.5% with
crop production related land-use change accounting for a
further 17.4% [6]. Additionally, the continuous intensification
of agricultural practices in the hope of attaining global food
security has caused extensive deterioration of soil quality and
fertility [7]. It is therefore imperative that workable and
implementable technologies are adopted that simultaneously
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provide pathways for improving (or restoring) soil health and
mitigating climate change. Lehmann [8] estimated that carbon
abatement to the (realistic) extent of 1 GtC·year−1 can be
achieved through the addition and concentration of carbon
within soils as biochar; this stems from our understanding that
biochar could act as permanent C sinks (half-life of 100–1000
years) due to their chemical persistence within soils [8]. In
addition, the co-benefits of biochar soil amendment include
improved nutrient retention, augmented soil-moisture holding
capacity, reduced emissions of CH4 and N2O, higher cation
exchange capacity, etc. [9,10].
In particular, several investigations into the agronomic
value of biochar addition have indicated an increase in crop
yield following soil conditioning [11–14]. However, this increase
in crop productivity was the combined interactive effect of
biochar and externally added N fertilizers. For instance, Chan
et al. [12] observed that there was no significant effect of
biochar addition on productivity in the absence of N fertilizers.
The same authors also demonstrated a corresponding increase
in productivity as biochar addition was increased in the presence
of N fertilizers. Similar observations on the inherent dependency
of biochar on external fertilizer additions for augmenting crop
growth have been made by Van Zwieten et al. [15] in their
studies on wheat and radish biomass yields. However, little
research exists on the causal mechanisms that govern and
determine the much acclaimed benefits of biochar and its
ability to immobilize plant available N. Particularly, few studies
have evaluated the ex-situ adsorptive potential of biochar
towards nutrient adsorption. While the benefits of biochar
addition to soils are well-recognized today, there is a dearth of
literature that seeks to qualitatively and quantitatively distinguish
various feedstock derived biochar. Ex-situ understanding and
quantification of the potential of different chars to adsorb soil
nutrients could act as a screening process for identifying a
good combination of biochar and crop fertilizer for improving
soil health. Therefore the objective of the present work is to
investigate the adsorptive characteristics of biochar to elucidate
its relative affinity towards nitrogenous fertilizers. Through the
analysis of urea (fertilizer) sorption from aqueous solutions
onto a plant biomass derived char, the processes behaviour,
rate controlling mechanisms, mass transfer and establishment
of equilibrium have been described. Such quantification could
potentially allow for designation of the agronomic values of
biochar derived from various feedstocks and lead to their large
scale application.
2. Materials and methods
2.1. Biochar preparation and characterization
Napier grass (Pennisetum purpureum) was utilized as the
precursor for biochar production and was obtained from
Kirloskar Oil Engines Ltd., Pune, India. Initially, the grass was
uniformly ground to a particle size of 1–1.5 mm in an electric
mixer and oven dried at 105 °C until constant weight was
obtained. Subsequently, 50 g of the oven dried grass was fed to
a SS 316 batch reactor and vacuum pyrolysed at 400 °C (based
on initial experiments). A pressure gauge (1–15 bar) and a
thermostat (K-type sensor) were attached to the reactor to
monitor the pyrolysis. The obtained biochar was further washed
with KOH (1:2) and activated at 500 °C as per the procedure
described by Tseng and Tseng [16] in order to enhance its
sorption capacity. Finally, it was acid washed (0.1 M HCl) to a
pH of ca. 6–7 and dried in oven at 105 °C. The obtained biochar
(BAB) was stored in air-tight polypropylene containers for
further use and analysis.
Nomenclature
Ce liquid-phase concentration of urea at equilib-
rium (mg·L−1)
Ct liquid-phase concentration of urea at any time t
(mg·L−1)
C0 liquid-phase concentration of urea at t = 0
(mg·L−1)
Di effective diffusion coefficient (m2·min−1)
F fractional attainment of equilibrium expressed
as a ratio of qt to qmax
Ka Flory–Huggins isotherm constant (L·g−1)
kad Dubinin–Radushkevich isotherm constant
(mol2·kJ−1)
kid intra-particle diffusion rate constant
(mg·g−1·min−1/2)
k1 first order rate constant (min−1)
k2 second order rate constant (g·mg−1·min−1)
KF Freundlich isotherm constant
(mg·g−1·(L·mg−1)1/n)
KL Langmuir isotherm constant (L·mg−1)
Ss BAB surface area per unit volume of particle-
free adsorbate (cm−1)
m BAB loading per unit volume of particle-free
adsorbate
n number of experimental observations
qe urea uptake capacity of BAB at equilibrium
(mg·g−1)
qe(exp), qe(pred)experimental and predicted urea uptake capacity
of BAB at equilibrium (mg·g−1)
qm maximum monolayer urea sorption (mg·g−1)
qs Dubinin–Radushkevich theoretical maximum
sorption capacity (mg·g−1)
q, qt amount of urea adsorbed by BAB at any time t
(mg·g−1)
RL separation factor, Langmuir model
Ss outer adsorbent surface per unit volume of
particle-free sorbate (cm−1)
t sorption time (min)
T absolute temperature (K)
V volume of adsorbate solution (L)
W mass of BAB used (g)
βL mass transfer coefficient (cm·sec−1)
ε Polanyi potential
θ degree of surface coverage
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Prior to activation, the char was characterized for its pH,
electrical conductivity (Jenway-4510, Staffordshire, UK) and
ash composition (heating in muffle furnace at 800 °C) as
described elsewhere [17,18].Water retention capacity of the char
was calculated by adding it in various loading rates (1–5%, w/w)
to a suspension of soil (20 g) and water (20 mL) that was stirred
for 24 h. Subsequently, the suspension was filtered and the
residual weight was used as the measure of the water retention.
The elemental composition of the biochar was estimated using
an elemental analyser (Perkin-Elmer 240B, USA). Furthermore,
following the activation of the char, its surface functional groups
were determined by Fourier transform infrared spectroscopy
(FTIR-2000, PerkinElmer, USA) using spectrograde KBr at
4 cm−1 of resolution and 64 scans·min−1 between 4000 and
400 cm−1. Field emission gun scanning electron microscopy
(FEG-SEM) was performed by coating BAB with platinum and
recording its microstructures at 15 mA and accelerating voltage
of 10 kV (JEOL JSM-7600F, Japan).
2.2. Adsorption experiments
Urea stock solutions were prepared in 250 mL Erlenmeyer
flasks with various concentrations: 0.3, 0.45, 0.6, 0.9, 1.2, 1.5
and 2 g·L−1. Adsorption was performed in electric thermo-
stated shaker with a fixed BAB loading of 0.125 g at various
shaker speeds (100, 125, 150, 175 and 200 rpm) and tempera-
tures (25, 35 and 45 °C). At different time intervals, 1 mL
aliquots were withdrawn from the shaker, filtered through a
0.45 μm syringe and analysed for change in urea concentration
by determining the corresponding change in absorbance at
430 nm [19] using a UV–visible spectrophotometer (Thermo-
Fisher Scientific, USA). The urea uptake capacity (qe; mg·g−1)
of the BAB was determined by Eq. (1), where C0 and Ct
(mg·L−1) are urea concentration initially and at any time ‘t’
(min), respectively; V (mL) is the volume of solution and W (g)
is the amount of BAB added. The experiments were performed
in duplicate and deviations were within 5%; statistical analysis
was done with MATLAB® and average values have been used in
all graphical representations. All chemicals and reagents were
of analytical grade and used without any further purification.
q
C C V
W
e
t
=
−( )0 (1)
2.3. Equilibrium isotherm, kinetics and mass transfer
In order to describe the dynamic separation of urea from the
solution and onto the BAB, the establishment of sorption equi-
librium was modelled through Langmuir, Freundlich, Flory–
Huggins, and Dubinin–Radushkevich isotherms [20]. The
experimental data were regressed against the linearized equa-
tions of the models. In order to determine the isotherm param-
eters and the best fit of experimental data against the model
predictions, the coefficient of determination (R2) was calculated
and error analysis was carried out by estimating the normalized
deviation (ND) and normalized standard deviations (NSD) as
seen in Eqs. (2) and (3). qe(exp) and qe(pred) are the experimental
and predicted urea sorption capacity (mg·g−1), respectively, and
n is the number of observations made.
ND
n
q q
q
e exp e pred
e exp
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∑100 (2)
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Furthermore, the kinetics of urea uptake by the BAB was
expressed using the first-order, second-order and intra-particle
diffusion models as described elsewhere [21]. The rate of mass
transfer of urea was determined by Eq. (4) as per the procedure
detailed by McKay et al. [22]. K, a dimensionless parameter,
was estimated as a product of the Langmuir isotherm constant
(KL; L·mg−1) and its monolayer saturation capacity (qm; mg·g−1);
Ss (cm−1) is the BAB surface area per unit volume of particle-
free adsorbate; m (g·L−1) is the BAB loading per unit volume of
particle-free adsorbate; and βL (cm·min−1) is the mass transfer
coefficient determined through the slope of the plots of ln((Ct/
C0) − 1/(1 + mK)) against time.
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3. Results
3.1. Characterization
The yield of the pyrolysed biochar at 400 °C was found to be
45% and ash content evaluated at 800 °C was 5.2%. The
biochar had a pH of 9.81 and electrical conductivity was
0.158 dS·m−1. The elemental composition of the char obtained
from Napier grass pyrolysis showed that it was free from
sulphur; the constituents were C (54.6%), H (3.6%), N (2.9%)
and O (6.7%). This resulted in a C:N ratio of 11.93 (i.e. <20),
which is an indication of the char’s ability to retain soil nutri-
ents over time and hence improve soil fertility and crop pro-
ductivity [23]. The O:C ratio was 0.17, which points to a
minimum half-life of ~1000 years. Furthermore, the water
retention capacity was found to increase from 13.6 to 30.5% as
the amount of biochar applied increased from 1 to 5% (w/w);
hence, addition of biochar to agricultural soils can increase
water retention through reduced surface run-off and limit the
loss of soil nutrients therein. Similar observations have been
made by Beck et al. [24] as well as Laird et al. [25].
Fig. 1 illustrates the recorded FTIR spectra for Napier grass
biochar. Before adsorption (Fig. 1(a)), distinct peaks were seen
at 2925.11, 2370.01, 1600.01 and 803.22 cm−1 that correspond
respectively to C—H off C=O, O—H stretch, N—H bend,
C—O and C—H out of plane surface functionalities. Following
urea adsorption onto the BAB, new spectra were seen at
3350.12, 1600 and 750.55 cm−1 which correspond to secondary
amide N—H stretch; this is indicative of the potential presence
of N on the char (Fig. 1(b)). The FEG-SEM images have been
provided in Fig. 2. In comparison to the precursor (dried Napier
grass) (Fig. 2(a)), the pyrolysed biochar (Fig. 2(b)–(d)) dis-
played irregular internal surface and good porosity. Pore sizes
were found to span in the range of 10–50 μm and were indica-
tive of the development of large internal surface for adsorption.
135P. Simha et al. /Resource-Efficient Technologies 2 (2016) 133–142
Fig. 1. FTIR spectra for (a) BAB before adsorption and (b) BAB after adsorption.
Fig. 2. FEG-SEM microstructures of Napier grass (a) and BAB (b–d).
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3.2. Effect of temperature, agitation and concentration
Initially, the adsorptive characteristics of the BAB were
tested at a fixed shaker speed of 150 rpm, initial urea concen-
tration of 0.6 g·L−1 and at three different temperatures – 25, 35
and 45 °C – with the results illustrated in Fig. 3. As seen
through the sorption capacity at equilibrium, lower tempera-
tures favoured the sorption; qe decreased by 12% from 760 to
672 mg·g−1 as temperature was raised from 25 to 45 °C. This
indicated that the process was exothermic in nature and follows
the corollary that, increasing the kinetic energy of sorbate mol-
ecules (urea) in the solution increases system entropy which, in
turn, reduces the ability of urea to aggregate and adsorb over the
BAB. Da˛browski et al. [26] in their studies over phenolic
adsorption as well as Chiang et al. [27] working with volatile
organics have recorded similar observations. Hence, in all
further experimental runs, the temperature was fixed at 25 °C.
As seen through Fig. 4, the speed of agitation in the shaker
affected the mass transfer and removal of urea from the solu-
tion. Certainly, it does govern the distribution of urea within the
solution and the formation of the external boundary film over
the BAB surface. At 100 rpm, the equilibrium urea uptake by
BAB was 760 mg·g−1 and increased to 912 mg·g−1 as the shaker
speed was increased to 175 rpm. Furthermore, the increase in
uptake was minimal (<1%) as speed was increased from 150 to
175 rpm. Any further increase resulted in decreased urea sorp-
tion. This is possibly due to the influence of desorption at higher
speeds making the sorption reversible; increasing the speed
beyond 175 rpm resulted in the spontaneous desorption of
adsorbed urea from the BAB and hence reduced its net urea
uptake capacity. The optimum shaker speed from these experi-
mental runs was found to be 150 rpm.
The initial concentration of urea within the adsorbate solu-
tion strongly influenced the BAB uptake capacity as seen in
Fig. 5. At 25 °C, increasing the concentration (0.3–2.0 g·L−1)
resulted in corresponding increase in uptake (from 385 to
1032 mg·g−1). The time for establishment of equilibrium was
300 min. Furthermore, the curves were smooth at all concen-
trations studied pointing towards the possibility of monolayer
adsorption on the BAB. The urea removal was rapid at the
beginning (t < 100 min) as the process was driven forward by
the large concentration difference between the sorbate and the
sorbent; based on the smoothness of the curve, it could be
assumed that urea forms a one-molecule thick layer over the
BAB until 100 min. Gradually, this reduced with time as the
sorption sites became saturated and any further uptake was
possibly a result of pore diffusion from the external to the
internal parts of the BAB. Similar observations have been made
in other sorption systems [28,29].
3.3. Sorption kinetics and mass transfer
The interactions of all the process parameterswith the sorption
time were evaluated through dynamic kinetic studies and have
been summarized inTables 1–3.Better compliance (R22 > 0.97) of
the experimental and predicted urea uptake was seen for the
second-order model to describe the effect of temperature
(Table 1). Furthermore, given the exothermic nature of the
process, the initial sorption rate (h) decreased with temperature
and the minimum equilibrium sorption (q2) was 763.35 mg·g−1 at
45°C.As Ho and McKay [30] observed, elevation of temperature
mayhave increased the tendency of ureamolecules to escape from
the BAB interface and this suggests that the sorption may be
physical in nature. Also, a linear relationship between k2 and
Fig. 3. Effect of temperature on urea sorption with initial concentration of 0.6 g·L−1 and shaker speed of 150 rpm.
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temperature was seen by developingArrhenius plots (not shown)
and found to exhibit the following form (Eq. 5).
k exp
E
T
2
49 78 10
8 76 03
8 314
= × ⋅
−⎛
⎝⎜
⎞
⎠⎟−.
.
.
(5)
The series of experiments to depict the effect of the speed of
agitation (Table 2) indicated that the rate constant (k2) increased
from 2.11E–05 to 2.77E–05 with speed until 175 rpm. Further-
more, the increase in initial sorption rate was also found to be
high for lower agitation speeds. An excellent agreement
Fig. 4. Effect of speed of agitation on urea sorption at 25 °C and urea concentration of 0.9 g·L−1.
Fig. 5. Effect of concentration on urea uptake capacity of the BAB.
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between the theoretical and experimental capacity (q2) was
observed with R22 > 0.99. Also, as seen in Fig. 4, at 100 rpm, all
the urea molecules were not fully suspended and hence,
increasing the speed to 150 rpm (50%) resulted in significant
enhancement in urea uptake. Similarly, the rate constants (k1, k2
and kid) for evaluating the effect of initial urea concentration are
provided in Table 3. Again, pseudo-second order kinetics best
described the sorption system with excellent correlation
between the model and the observed q2 values.
To illustrate the contribution of intra-particle diffusion, BAB
urea uptake (qt) was plotted against t0.5 (Fig. 6). The plots
indicated that multi-linearity exists within the diffusion system
and that three consecutive steps constituted it – step 1 (2.7–
5.4 min) involved boundary layer diffusion of urea to the exter-
nal surface of the BAB; in step 2 (5.4–11.6 min), urea uptake is
governed by intra-particle diffusion resistance; and step 3
(12.2–17.3 min) plateaus and allows sorption to equilibrate.
Since the diffusion plots did not pass through the origin, it can
also be concluded that intra-particle and surface diffusion both
control and limit the sorption system.
The mass transfer was evaluated through plots based on Eq.
(4) that were found to be linear; the coefficients obtained are
presented in Table 4. The significance of urea concentration was
once again confirmed by the estimated values of βL. However, to
allow better interpretation of the kinetic data, the procedure
detailed by Boyd et al. [31] and Reichenberg [32] was followed,
which emphasizes on the three consecutive processes during the
adsorption of organics onto porous adsorbents: (i) film diffu-
sion of the sorbate (urea) to the external sorbent surface (BAB),
(ii) particle diffusion of urea within the porous BAB surface,
and (iii) surface adsorption of urea onto the external surface of
the BAB. The last process can be disregarded by assuming it to
be very rapid in comparison to the other two; hence, three
distinct possibilities emerge:
(i) Film diffusion > particle diffusion
(ii) Film diffusion < particle diffusion
(iii) Film diffusion ≈ particle diffusion
To distinguish this, the mathematical procedure laid out by
Reichenberg [32] and Helfferich [33] was used through Eq. (6).
F represents the fractional attainment of equilibrium expressed
as a ratio of qt to qmax; B, the time constant was evaluated as
(π2Di/r02), where Di is the effective coefficient of diffusion. The
plots of Bt versus t (not shown for brevity) made using
Reichenberg’s table for concentrations ≤ 1.2 g·L−1 did not pass
through the origin; this indicated that the rate controlling
Table 1
Kinetic parameters for effect of temperature on urea sorption.
T R12 k1 q1 R22 k2 q2 h Ri2 kid
298 0.9611 0.0237 980.392 0.9761 2.85E−05 909.112 16.65 0.9032 45.23
308 0.9689 0.0232 894.541 0.9785 3.19E−05 833.333 16.49 0.9114 42.56
318 0.9621 0.0231 862.779 0.9831 3.56E−05 763.358 16.11 0.9085 39.76
Table 2
Kinetic parameters for effect of speed of agitation on urea sorption.
S R12 k1 q1 R22 k2 q2 h Ri2 kid
100 0.9839 0.02142 860.597 0.9985 2.11E−05 769.091 22.48 0.9034 43.40
125 0.9827 0.02144 967.386 0.9986 2.48E−05 844.000 24.80 0.9056 48.42
150 0.9779 0.02188 1053.416 0.9986 2.72E−05 901.510 26.18 0.9066 51.22
175 0.9787 0.02188 1065.614 0.9986 2.77E−05 911.111 26.79 0.9066 51.63
200 0.9779 0.02188 1061.940 0.9987 2.73E−05 895.596 26.26 0.9048 52.21
Table 3
Kinetic parameters for effect of initial concentration on urea sorption.
C R12 k1 q1 R22 k2 q2 h Ri2 kid
300 0.9751 0.0258 526.987 0.9902 4.16E−05 376.190 9.43 0.9004 24.34
450 0.9583 0.0244 765.945 0.9951 3.29E−05 566.667 14.62 0.9147 35.66
600 0.9563 0.0240 812.511 0.9961 2.35E−05 789.091 19.46 0.9217 47.26
900 0.9861 0.0202 946.455 0.9986 3.17E−05 909.091 26.18 0.9169 53.06
1200 0.9863 0.0193 966.951 0.9995 3.16E−05 995.269 36.50 0.8938 53.70
1500 0.9547 0.0235 984.011 0.9994 3.99E−05 1111.111 49.26 0.8492 52.35
2000 0.8768 0.0291 1099.005 0.9996 5.56E−05 1227.318 69.44 0.7891 49.06
Table 4
Mass transfer coefficients and effective diffusivity at various initial
concentrations.
C βL Di
300 3.94E−04 4.3E−10
450 3.63E−04 4.6E−10
600 3.75E−04 4.8E−10
900 4.03E−04 4.9E−10
1200 4.66E−04 5.1E−10
1500 5.22E−04 5.2E−10
2000 6.12E−04 5.2E−10
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mechanism was film diffusion. However, at higher urea concen-
trations, linear plots passed through the origin pointing towards
particle diffusion as the governing mechanism. The effective
diffusion coefficients evaluated from the slope of the plots,
investigated at all the initial concentrations, have been provided
in Table 4.
F
n
exp n Bt
n
= − −( )
=
∞
∑1 6 12 2 2
1π
(6)
3.4. Isotherm analysis
The experimental data were evaluated against the linearized
forms of Langmuir, Freundlich, Flory–Huggins and Dubinin–
Radushkevich (DR) isotherm equations and the results are pre-
sented in Table 5. As seen, except for the Freundlich model, all
the rest provided excellent correlation between predicted and
observed urea uptake capacity (R2 > 0.95). However, based on
the ND and NSD, it can be seen that the DR model best
described the urea sorption onto BAB. Nonetheless, the sepa-
ration factor (RL) estimated through the Langmuir model con-
stant was found to lie in the range, 0 < 0.14 < 1 which was
indicative of the sorption’s favourability. The Freundlich model
which assumes non-ideal and reversible adsorption well-
described only the initial and final stages of the sorption; the
adsorption intensity (3.08), however, reaffirmed the process
spontaneity and favourability. Furthermore, using the Flory–
Huggins model constant (Ka), the Gibbs free energy change was
calculated as ΔG° = RT·ln(Ka) and found to be −18 kJ·mol−1.
This showed the favourability of urea sorption over its desorp-
tion from the BAB surface in addition to affirming its physical
nature. The maximum uptake of urea at equilibrium as pre-
dicted by the DR model was 1115 mg·g−1, while the Langmuir
monolayer capacity was 1150 mg·g−1. Moreover, the mean free
energy of sorption calculated using the DR model constant was
3.54 kJ·mol−1, reiterating physisorption as the governing
mechanism for urea removal.
Fig. 6. Intra-particle diffusion plots at various initial urea concentrations.
Table 5
Isotherm equations and calculated model parameters for urea sorption onto
BAB.
Isotherm model Model parameter Value
Langmuir isotherm
1 1 1
q q K q Ce m L m e
= +
R2 0.9753
qm 1150.2
KL 0.0051
RL 0.1404
ND 4.7089
NSD 5.3819
Freundlich isotherm
log q log K
n
logCe F e( ) = + ⎛⎝⎜ ⎞⎠⎟
1
R2 0.8727
KF 50.072
N 3.0851
ND 10.143
NSD 11.929
Flory–Huggins
log
C
log K mlog
e
a
θ θ= ( ) + −( )1
R2 0.9813
Ka 6.E−04
ΔG −18339
ND 8.0338
NSD 9.4104
Dubinin–Radushkevich
ln q ln q Ke s ad( ) = ( ) − ε 2
R2 0.9988
qs 1115.8
kad 0.0399
ND 0.9107
NSD 1.1030
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4. Conclusions
The present study elaborated upon the adsorptive potential
of Napier grass pyrolysed BAB to immobilize and retain
nutrients (urea) from aqueous solutions. It was observed that
low temperatures, moderate speed of agitation and high initial
urea concentration allowed for greater uptake by the BAB.
Kinetic studies on the interaction of the examined parameters
with sorption time indicated that the process was exothermic,
spontaneous, physical and driven forward through larger
concentration difference via pseudo-second-order kinetics.
Furthermore, it was concluded that both surface and intra-
particle diffusion govern the rate of urea removal from the
solution. Also, film diffusion was seen to limit the mass
transfer of urea onto the external surface of the BAB.
Isotherm analysis of the experimental data pointed towards
Dubinin–Radushkevich equation as most appropriate to
describe the urea-BAB behaviour with maximum adsorption
estimated to be 1115 mg·g−1. Hence, this study evaluated the
ex-situ potential of Napier grass derived BAB to adsorb,
retain and make available, plant-required nutrients from
aqueous solutions. It is acknowledged that the conclusions
drawn here are specific to both the fertilizer solution
investigated (urea) as well as the BAB (Napier grass). Water
holding capacity and adsorptive nature of Napier grass BAB
signify its importance as soil conditioner. The alkaline nature
of Napier grass biochar could show significant effect in terms
of growth and biomass generation when applied to acidic soil.
It is therefore the recommendation of this study that potential
of various other feedstock derived biochar be investigated
ex-situ before going for crop field trials. Prior knowledge and
quantification could act as an effective screening step and
reduce the time as well as effort spent otherwise in long-term
field studies.
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